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ABSTRACT

Parametrle correspondence is'a technlque for matchlng 1mages ‘toa
'three dlmen31ona1 symbollc reference map ' An analytlc camera model is
used to predlct the locatlon ‘and appearance of landmarks in- the image,
"generatlng a progeetlon for an_ assumed v1ewp01nt : Correspondence is
achieved by’ adgustlng the' parameters of the camera' model untll the _
' 'appearances of the :landmarks .optimally matoh a symbollc descrlptlon"'
_extracted from the image.

The matching of image and map features is performed rapidly by a
new technique, called "chamfer matching", that compares the shapes of
two collections of shape fragments, at a cost proporticnal to linear
'dimension, rather than area. These two techniques permit the matching
of spatially extensive features on the basis of shape, which reduces the
risk of ambigucus matches and the dependence on viewing conditions

‘inherent in conventional image-based correlation matching.
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_I' " Introduction

Many tasks 1nvolv1ng plctures féqnife-tné ability £o put a sensed
;1mage. 1nto correspondence with' .a ~reference’ image or map. 'Examples
. 1nclude vehlcle guldance, photo 1nterpretat10n (change deteetidﬁ'ahd
_ monltorlng) ; and cartography (map updatlng) The'conventional’approach
;is ‘t6 determxne .a large ‘number of points of : correspondence"by:
'correlatlng small patches of the reference 1mage Wlth the sénsed image.
_A polynomial interpolation is then used to estimate correspondence for
arbitrary intermediate points |Bernstein]. This approach is
computationally expensive and limited to cases where the reference and
sensed images were obtained under similar viewing conditions. 1In
particular, it cannot match images obtained from radically different
_ viewpoints, sensors, or seasonal or climatic conditions, and it cannot

match images against symbelic maps.

'Paremetrie correspondence matches images to a symbolic reference
';mab;'rather than a reference - image. The map contains a compact three-
dimensional representation of the éhape .of major landmarks, such as
'coastlines, buildings, and roads. An analYtic camera model is used to
Ppredict the location and appearance of landmarks in the image,
generating a projection for an assumed viewpoint. Correspondence is
'achieved by adjusting the parameters of the camera model ({i.e. the
assumed viewpoint) until the appearances of the landmarks optimally _

match a symbolic description extracted from the image.

The success of this approach requires the ability to rapldly match o

:.predlcted and sensed appearances after each progectlon. The matehlng of

-_1mage and map features is: performed by a new technlque,_ called "chamferd

ematchlng". that eompares the shapes of two collectlons of - curveee":'

';ffragments at a cost proportlonal to llnear dlmen31on rather than area._f}_ﬂ-:-*-'

In pr1n01ple, thls approach should be superlor, since’ 1t explolts:3nﬁd“'

.:d more knowledge of the 1nvar1ant three dimenelonal structure of the worldz'

'*'and of the 1maglng process. At ‘a practlcal level,-thls permlts matehlngﬂ'




:.of spatlally extenslve features on the basms of shape whleh reduces thet :t';'

.f_:PlSk of amblguous matches and dependence on v1ew1ng condltlons.u'

. I1° Chamfer Matching

P01nt 1andmarks, such as 1ntersectlons or _ promontorles,_fare ;

“jtrepresented 1n the map w1th thelr assoclated three dlmen31ona1 world o

: coordlnates. Llnear landmarks,f such as roads or coastllnes, are'
_represented as' eurve fragments with assoclated crdered 1ists of world

" coordinates.  Volumetric structures, such as buildings or ‘bridges, are

" represented as wire-frame models.

‘From a knowledge of the expected riewpoint,'.a prediotion'cof:the”
:image can be.made by projecting world coordinates into corresponding
’image'cOOrdinates,.sUppressing'hidden lines._ The problem in matching is
" to ‘determine -how weil “the predlcted features COrrespond .with'image'_h
"ffeatures such as edges and llnes. ' E s

The flrst step 1s to extract 1mage features-bi'apﬁIYingﬁledge'and

~ line operators or traclng boundarles. Edge fragment -linking [NeVatia,-""

~ Perkins] or -relaxatlon enhancement LZucker,_ Barrow] is 'OptiOnal The

' f:'net result is a feature array ‘each ‘elemenit of which records ~whether or

_dnot a 11ne fragment passes through it. ~ This process preserves shape

: ;1nformat10n and dlscards greyscale 1nformat10n, Whlch is less ‘invariant.

To correlate  the  extracted feature 'array dlrectly w1th the

._-_tppedlcted feature array " ‘would . encouriter several - problems. The

R -correlatlon peak for two arrays deplctlng 1dentical linear features 1337 o

'3tvery sharp and therefore 1ntolerant of sllght misalignment or dlstortlon_ff' 5

'ft(e 8-, two llnes, slightly rotated With respect to each other,, can have[“"'”“' '

’:g-at most one p01nt of correspondence) LAndrus}, A ,sharply peakedidi

7;correlatlon surfaoe 1s an 1nappropr1ate optlmlzatlon crlterlcn becauseig‘f:'_&:bj i

*:Tlt prov1des llttle 1ndlcation of closeness to the true match nor of theﬂjzﬂg_, P

;]{proper d1rect10n 1n which to proceed Computatlonal cost is heavy Wlthl'tf: E

3'j;1arge feature arrays._g



A more robust measure of 51m11ar1ty between the two sets of leature:ﬂf

"¢p01nts is the sum of the dlstanees between ‘each predleted feature p01nt::fs;' :

."f;and ‘the" nearest 1mage p01nt Thls can be computed eff1c1ently by -

' L:::ftransformlng the 1mage feature array 1nto an array of numbersifﬂﬁ'

'.fffrepresentlng d1stance to the' nearest 1mage feature : p01nt Theﬂ;;e..---

f31m11ar1ty measure 1s then ea31ly computed by stepplng through the llst'f'

'{iof predlcted features and 31mply summlng the dlstanoe array values at_]'
*.fjthe predlcted 1ocatlons.-jf;' : S s

The dlstance values oan be determlned 1n two passes through the'

'1mage feature array by ‘a prooess known ‘as M"chamfering" _LMunson,-~-"

Rosenfeld). The feature array (FLi,jl, 1,j=1,N) is initially two-
valued: 0 for feature points and 1nf1n1ty otherwise. The forward pass

:modlfles the feature array as Follows:

FOR i _-2 STEP -1 UNTIL N DO
FDR J _.'2 STEP 1 UNTIL'N DO
. F[i,3) . MINIMUM(FLi,jl, (Fli- 1 j]+2)
BN (FLi=1,3-1]+3), (FLl,J 1]+2),
(FL1+1,3~1]+3)),

*fSlmllarly, the backward pass operates as- followsﬁ'

FOR A ;,(N 1) STEP —1 UNTIL 1 DO
FOR § o (H-1) STEP =1 UNTIL 1-DO
o U FL4,3] __MINlMUM(FLl 31, (FLis1, J]+2)
AFLi+t1,3+1143), (FL1,3+1]+2),

(Fll— ,3+1]+3)),

wThe 1ncremental dlstance values of 2 and 3 prov1de relatlve dlstances'”’

-_that approxlmate the Euelldean dlstances 1 and the square-root of 2

Chamfer matchlng provldes an efflelent way of computlng the

-ilntegral dlstanoe {1 e area), or 1ntegral squared dlstance, betweenf'el SR

I two curve fragments, two 'oommonly used measures of shape 31m11ar1ty 53*“'“--'--'

'f'deote that the dlstance array 1s computed only once, after lmage featureuefi”

-~5extractlon



:.fIiIIZ Parametric;Correspondence3"

Parametrlc correspondence puts an 1mage 1nto correspondence w1th a

'?@three dlmen51onal reference :map by determlnlng the” parameters of anf;;r’f5"’

"-analytlc camera model (3 p031tion and 3 orlentatlon parameters)

The trad1t10nal method of callbratlng the camera model takes place o

' '”Jfln two stagee" flPSt a number of known 1andmarks are 1ndependently'j.’

'located 1n the 1mage, and second the camera parameters are computed'_

_from the palrs of correspondlng world and 1mage locatlons, by solv1ng an

- over-constrained set of equatlons |1 Sobel, Quam ‘Hannah].

The fallings of the traditional method stem from the ~first stage.
The landmarks are found ‘individually, u31ng only very local context
(e. g. a small patch of surrounding image) 'and with no mutual

_constralnts. “Thus local false matches oommonly occur. :The restriction

- ;_to small features is mandated by the hlgh cost ‘of area correlatlon, and

: -.by the . fact that 1arge 1mage features oorrelate poorly over small ft':

'ohanges in- V1ewp01nt

Parametrlc correspondence- overcomes these fazllngs by 1ntegrat1ng.
th. ‘landmark-matching and camera-calibration stages. _It'_operates by
__hlll—cllmblng ‘on the -camera parameters._ 4 transformation matrix is
constructed for ' each set of parameters consldered and it is used to
'-:prOJect ‘landmark descrlptlons “from - the' map onto the;,image::at',a '
'l;partlcular translatlon, rotatlon,_ scale and perspective._ A’similarity'”

~.score is oomputed w1th _chamfer matchlng and used to update parameterf

'-ffvalues.; Inltlal parameter values are estamated from navzgatlonal data.nj_ﬂ3ﬂfff'“

Integratlng the two stages allows the 31multaneous matchlng of allf}ﬁ'V'"

"f;;landmarks 1n the1r correct spat1al relatlonshlps.: Vlewp01nt problems”f_”

“f;}Wlth extended features are av01ded because_ features are preclselyj:p;fifﬂ
'?wof,proaected by’ the camera model prlor to matchlng Parametrlcfffilf ”
'anjcorrespondence has the same advantages as rubber—sheet template matchlngid:fjttpitr

'fe;LFlschler, Wldrowj in. that 1t obtalns the best embeddlng of a map in. anfngf'”

":ﬁlmage, but av01ds the comblnatorics of trylng arbltrary dlstortions by.*’ﬁ

'd”gfonly con51der1ng those correspondlng to some p0331ble v1ewp01nt



IV -~ An Example

e_The.'foliowihg example - 111ustrates the maJor concepts iﬁ'ehamfer
I.matchlng and parametrlc correspondence.. A sensed 1mage-(F1gufe 1) was

input - along with' manually derlved initial estimates of tne-caméra
parameters., A reference map of the eoastllne -Was obtalned uEing a
dlgltlZlng tablet to encode eoordlnates of a set of 51 sample ‘points on '
fa'USGS map. -Elevations for the points were entered manuallyf --Figure 2

is an orthographic projéction of this three dimensional map.

A simple edge follower traced the high contrast boundary of the
harbor, producing the edge picture shown in Figure 3. The chamfering
algorithm was applied to this edge array to obtain a distance array.
Figure 4 depicts this distance array; distance is encoded by brightness

with maximum brightness corresponding to =zero distance from an edge
point.

Ueing'the initial camera parameter estimates; the map ﬁas'pfojected
onto the sensed image (Figure 5). . The average distance between
_epbojected points and the nearest edge point, as determined by chamfer

matching, was 25.8 pixels.

A straightforward optimization algorithm adjusted the camera
'parameters, one at a time, to minimize the average distance. Figures 6
| and 7 show an intermediate - state and the final state, in which the
average distance has been reduced to 0.8 pixels. This result, obtained

with 51 sample points, compares fa#ofably with a 1.1 pixel average

 ‘distance for 19 sample points obtained uSing'conventional :image'chip .

;.ecorrelatlon followed by camera. eallbratlon. ' The'eurves"in'-Figurefu

g'characterlze the local behavior _of this mlnlmum, ‘showing how’ average_:a” L

*jdlstance varles Wlth varlatlon of each parameter from ltS optlmal value..'

:Approx1mately bO 1terat10ns (eaeh 1nvolv1ng a parameter adgustment and... )

':reproaectlon), were requlred for thls example. The number of 1terat10ns‘_
H*.could be redueed by using a better optlmlzatlon algorlthm for example,".a

",;a gradlent search



.V Discussion

We have presented a scheme for establlshlng correspondence between’

‘an 1mage and a reference map ‘that integrates the processes of landmark-"

-matchlng “and camera callbratlon. - The potentlal advantages of this'

’ eapprcach"}etem from 1) matchlng shape, rather - than brlghtness, 2)

. _matching-tspatlally extensive  features, rather than -small ~ patches of

image; 3) matching simultaneously to all features,.rather than searching -
the combinatorial space of alternative local matches, 4) using a compact

three dimensional model, rather than many two dimensional templates.

Shape has proved to be much easier to model and predict than
brightness. Shape is a relatively invariant geometric property whose
.appearance from arbitrary viewpoints can be precisely predicted by the
camera model. This eliminates the need for multiple descriptions,
' corresponding to  different viewing conditions, and overcomes

_difficulties of matching large features over small changes of viewpoint.

- The ability to treat the entirety of the relevant portion of the
reference map as a single extensive feature reduces significantly the
risk of ambiguous matches, and avoids the combinatorial complexity of

finding the optimal embedding of multiple local features.

A number of obstacles have been encountered in reducing the above
ideas to practice. The distance metric used in chamfer matching
provides a smooth, monotonic measure near the correct correspondence,
and nicely interpolates over gaps in curves. However, scores can be
unreliable when image and reference are badly out of alignment. In
- -particular, ‘discrimination is poor in textured areas, aliasing can oceur
nc;with” perallel' lineEr"feEtnfes, a _sxngle 1solated image feature can

'ffsupport multlple reference features.

The ‘main- Pmblem is that edge pOSltlon s no’c a d1st1ngulsh1n5 S

 ]feature, and consequently many alternatlve matches recelve equal welght

"-c:”One vay of overcomlng thls problem,. therefore,__ls to use more:-'

_descrlptlve features. brlghtness dlscontlnultles can be cla331f1ed for




example, by orientation, by edge or line, and by local spatial context
(texture versus - isolated boundary). . Each - type of feature  would be .

'separately chamfered ‘and map features would be matched in the .

N approprlate array Slmllarly, features at a ‘much hlgher level oould be'

used suech " as promontory or bay, area features hav1ng partzeular
1nterna1 textures “or structures,_and “even speelflc 1andmarks,f such as
'fthe ‘top of ‘the _Transamerlca pyramld“ Ideally, with ' a ‘few hlghly T
differentiated”features'distribﬁted.widely over the ‘image the parametric

"correspondence process would be able to home in directly on the solution

regardless of initial conditions.

Another dimension for possible improvement is the chamfering
process itself. Determining for each point of the array a weighted sum
of distances $o many features ({(e.g. a convolution with the feature
array), instead of the distance to the nearest feature, would provide
more immunity from isolated noise points. Alternatively, propagating
" the coordinates of the nearest point instead of merely the .distance to
it, it becomes posSible to use characteristies of features, such as
local slope or oufvature, in evaluating the gdodness of mateh. It also
makes possible a more directed search,dSince corresponding pairs of
points are now known, an improved set of parameter estimates can be

.analytically determined.

Chamfer matching and parametric correspondence are separable
' techniques. Conceptually, parametric correspondence can be performed by
" re-projecting image chips and evaluating the match with correlation.
However, the cost of projection and matching grows with the square of

t'the template size: The cost for chamfer matching Erows linearly'with the

'-t-number of feature polnts. ~Chanfer matchlng is an alternatlve-“to'other's

~shape matchlng technlques, Esuch as ehaln-code correlation [Freeman], -

”f.f;Fourler matchlng LZahn], and graph matchlng [e g Dav1s] AlSO: the'”

"-t::smoothlng obtalned by transformlng two- edge arrays to dlstance array33

'“Ht’v1a chamferlng can be used to 1mprove the robustness of couventlonal* e

"areambased edge correlatlon.- _-;.“ v



Parametrlc correspondence, in 1ts most general form, is a technlque-;

_tfor matchlng two parametrlcally related representatlons -cf the same:i' '

.ﬂgeometrlc _structure.:, The _representatlons can be two—'; or three—;:--'

7ﬁdimen51onal 1ccn1c or symbollc,_ the parametrlc relatlon can ‘be’

'~perspect1ve progection, A 31mple 31m11ar1ty transformatlon, a polynomlaleff-ﬁ'

- warp,’ and so forth Thls v1ew ‘is 31m11ar to rubber—sheet templatedl[g:-":

._7match1ng as: con061ved by Flschler and Wldrow LFlschler,- Wldrowj The .

""fea31b111ty of the _approach 1n any appllcatlon, as Wldrow points’ out,*':'

deepends on- 'efflclent algorlthms for '“pattern stretchlng, hypothe51sf'
'-:testlng, and pattern memory"; correspondlng to our camera model chamfer
.mateching, and three dimensional map.

‘As an illustration -of its versatility, the technique can be used
with a known camera lccaticn-tto'find’a-known_cbject whose poaition.and
_crientation are known only approximately. In this case, the object's

: :position and orientation'are the parametefé: the object is translated

~arid rotated untll its progectlon ‘best matches the image: data.__'Such an

'appllcation has a more 1conlc flavor as advocated by Shepard LShepardJ,
fand is more- 1ntegrated than the traditional feature extraction and ‘graph
t matching:approach“LRobefts,'Falk and Grape].
“As a . final consideration, the approach is amenable 'tczefficient
: hardWare':implementation. There already exists commercially available
hardware for . generating parametrically specified perspective views of

'wire“frame”models“at'Vidéo”ratea: ccmplete'with hidden line'suppréSSion;'

-.Tne chamferlng process 1tself requlres only two passes through -an array L

by a local operator, and match scorlng requlres only summlng table

;;_Qlookups 1n the resultlng dlstance array




VI Conciuaion S

Iconlc matchlng technlques, 'Such as correlation,  aré known for

-'efflclency and pre0151on obtalned by exploltlng all . avallable pictorial

1nformatlon, especlally geometry.. However, they ‘are overly sensitive to ~

.changes in v1ew1ng condltlons “and cannot make use of non-pictorial
) ihfdfmétlon.-_Symbollc matchlng teehnlques, on the othér hand, are more
~ robust because they rely on-invariant'ébstraétibns, but are less precise
- and less efficient in handling geometrical relationships. Their
applicability in real scenes is limited by the difficulty of reliably
extracting the dinvariant description. The techniques we have put
forward offer a way of combining the best features of iconic and

symholic approaches.
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‘Figture 1. An aerial image of a-
) section of coastline.

Figure 2. A set of sample points
taken from a USGS map.



‘The traced boundary
of the coastline.

Figure 3.

tance arréy produced

by chamfering the boundary.

is

ure 4. The di
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Figure 5. Initial projection of
_“map points onto the image.

Figure 6. Projection of map points onto’
the image after some adjustment
of camera parameters,



 Figure37.--?rojection'of map points onto
‘the image after optimization
-+ of camera parameters.

Figure 8. Behavior of average distance
score with variation of the
six camera parameters from
their optimal values.



